The lipopolysaccharide (LPS) of Chromatium vinosum has anticomplementary activity. This anticomplementary activity is destroyed by alkaline digestion of the LPS and is suppressed by both Mg2+ and Ca2+ ions. Treatment of the LPS with ethylenediaminetetraacetic acid, sodium deoxycholate, or dimethyl sulfoxide did not affect its toxicity toward mice; however, alkaline-treated LPS was not toxic. Treatment of the LPS with sodium deoxycholate, dimethyl sulfoxide, or sodium dodecyl sulfate resulted in reversible dissociation into subunits. Aggregation of the subunits into the original form was achieved by removing the dispersing agent by dialysis against distilled water followed by freezing and thawing. Electron micrographs of phenol-extracted LPS showed long filaments. Electron micrographs of sodium deoxycholate-and sodium dodecyl sulfatetreated and dialyzed LPS showed a mixture of small subunits and short filaments, whereas dimethyl sulfoxide-treated and dialyzed LPS contained only small ovoid spheres. The LPS produced an ordered series of multiple bands on sodium dodecyl sulfate-polyacrylamide gel electrophoresis. A similar banding pattern was observed for Salmonella abortus-equi and Proteus mirabilis LPS. The C. vinosum LPS appears to be mitogenic for mouse spleen cells.
The cell wall lipopolysaccharide (LPS) of gram-negative bacteria is known to be responsible for many of the serological properties of these organisms (16) . In addition, LPS has been shown to be a potent toxin (endotoxin) that is thought to be one of the virulence factors of gram-negative pathogens (30) . Among the toxic responses elicited by LPS are lethal shock, pyrogenicity, general and dermal Schwartzman reactions, complement destruction, platelet damage, and vascular disturbances (6, 7, 21, 36) . LPS have also been reported to cause tumor necrosis (18) , to stimulate resistance to infection (3) , and to have mitogenic activity (19, 28) . However, not all LPS preparations possess these biological activities or have them to the same degree.
Although it is known that the lipid A portion of LPS is responsible for some of the toxic (15) as well as the mitogenic characteristics of LPS (2) , the relationship between these activities and the molecular structure of LPS is not understood. It is, therefore, of value to investigate the biological and chemical properties of various LPS so that those molecular characteristics that are responsible for the different biological activities can be distinguished.
The present paper describes some biological and physicochemical properties of the LPS of the purple sulfur bacterium Chromatium vinosum.
MATERIALS AND METHODS
Cultivation of bacteria and isolation of LPS. The bacteria were cultivated as previously described (9) . The C. vinosum LPS was obtained from the phenol phase after extraction with hot phenol/water, as previously described (9) . Thiocapsa (Lascelles strain) and Escherichia coli strain B LPS were also extracted by the hot phenol/water method (41) and were purified by three sequential ultracentrifugations (100,000 x g, 3 h).
Electron microscopy investigations. LPS preparations were stained with 2% phosphotungstic acid and were carbon coated. Preparations were examined in a Hitachi H-8 electron microscope fitted with cooling equipment.
Analytical ultracentrifugation. Sedimentation coefficients were determined by using a Spinco analytical ultracentrifuge (Beckman Instruments, Inc., model E) with a 12-mm cell. The centrifugations were carried out at 20°C in an analytical D-rotor on solutions containing 1% (wt/vol) of the sample.
Complement fixation test. Pooled guinea pig serum was stored at -80°C. Complement fixation was determined by the following modification of the method of Galanos et al. (5) . An amount of freshly titrated serum containing 21.5 U of complement (0.07 to 0.09 ml) was added to graded amounts of LPS suspended in distilled water. The volume of the mixture was brought to 150 ,lI with distilled water, and the mixture was incubated for 60 min in a 37°C water bath. From (10) .
Acrylamide procedures. The LPS samples were analyzed by the sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) procedure of King and Laemmli (12) . Samples were routinely solubilized immediately before electrophoresis by heating a suspension of the LPS (2.5 mg/ml) in a solution containing 2% SDS, 5% 2-mercaptoethanol, 10% glycerol, 0.0625 M Tris-hydrochloride buffer (pH 6.8), and 0.0002% bromophenol blue for 1 or 2 min in a stoppered tube in a boiling-water bath. Immediately after electrophoresis, gels (0.6 by 8.5 cm) were placed in a fixing solution of 1 M KCl-10% acetic acid for 1 to 2 h (20 ml/gel). They were then soaked in a solution (20 ml/gel) of 15% trichloroacetic acid-25% isopropanol (wt/vol) until clear (1 to 2 h). The gels were further washed overnight in a solution (12 gels/liter) of 5% acetic acid-40% ethanol (vol/vol) and stained. This procedure was found to significantly enhance the details in the gels stained for polysaccharide.
Protein was detected as previously described (8) , and polysaccharide (periodic acid-Schiff stain) was stained by the procedure of Segrest and Jackson (34) . All gels were viewed and photographed against a fluorescent lamp covered by white, translucent plastic.
For elution of LPS from gels, the gels were cut into sections immediately upon completion of electrophoresis. These sections were suspended in 100 ml of 0 4 h. The cells were collected on glass fiber filters and washed once with 30 ml of distilled water. The filters were dried in scintillation vials. After the addition of 7 ml of a scintillation cocktail containing 6 g of 2,5-diphenyloxazole and 0.1 g of 1,4-bis [2] -(5-phenyloxazolyl)benzene per liter of toluene, the radioactivity was determined by using a Nuclear-Chicago Unilux III liquid scintillation spectrometer (Nuclear-Chicago Corp., Des Plaines, Ill.).
RESULTS
Anticomplementary activity. C. vinosum LPS was approximately one-quarter as effective an anticomplementary substance as S. abortus-equi LPS (Fig. 1) . Heating the LPS at 100°C for 5 min had no effect on the anticomplementary activity. LPS treated with EDTA or SD showed no change in anticomplementary activity, but alkaline treatment (560C for 1 h) of the LPS significantly decreased its anticomplementary activity (Fig. 1) .
During this study the LPS was prepared in distilled water and stored at -200C between experiments. It was observed that repeated freezing and thawing caused aggregation of the LPS and a loss of anticomplementary activity. Samples of LPS that had gone through four or (56°C for 1 h) showed that only alkaline digestion resulted in any significant loss in toxicity (Table 1) . After treatment with Me2SO and dialysis against distilled water, the LPS apparently remained in a disaggregated state, which, however, reaggregated upon freezing and thawing (see Discussion). Both forms appeared to be equally lethal to mice and did not differ significantly from untreated LPS ( Table 1) .
Analytical ultracentrifugational studies. C. vinosum LPS formed a viscous, opalescent suspension in water, Tris-hydrochloride buffer (pH 8.0), or 0.2 M NaCl. This material produced a broad boundary and sedimented so rapidly in the analytical ultracentrifuge that only an approximation of its sedimentation coefficient could be obtained. However, the addition of SD or SDS to a final concentration of 0.5% to LPS in 0.1 M Tris-hydrochloride, pH 8.0, resulted in immediate clearing of the suspension. Analytical ultracentrifugation of these solutions showed that SD and SDS caused a disaggregation of the LPS into subunits that sedimented as a single sharp peak with apparent sedimentation coefficients corrected to water at 20°C (S20,., c = 1%) of 2.27 x 10-13 s (Fig. 3A ) and 3.27 x 10-'3 s, respectively. Removal of the SD by dialysis against 0.1 M Tris-hydrochloride, pH 8.0, resulted in a partial reassociation ofthe subunits into aggregates with an apparent sedimentation coefficient of 3.6 x 10-13 s (Fig. 3B) . C. vinosum LPS dissolved in Me2SO to give a clear yellow solution that sedimented as a single sharp peak with an apparent sedimentation coefficient of 2.58 x 10-13 s.
LPS incubated with 0.25 N NaOH at 56°C for 1 h and neutralized (to give a solution of 1% LPS in 0.2 N NaCl) gave one major peak and one minor peak with apparent sedimentation coefficients of 9.76 x 10-13 and 8.86 x 10-13 s, respectively. However, if this material was dialyzed and lyophilized, it aggregated to give material that sedimented in the ultracentrifuge as a single peak with an apparent sedimentation coefficient of 79.8 x 10-13 s. The LPS that had been alkaline treated at 100°C for 1 h sedimented with apparent sedimentation coefficient of 4.88 x 10-13 s before lyophilization and 7.92 x 10-13 s after lyophilization.
PAGE studies. Recent reports have shown that LPS can be separated by SDS-PAGE techniques (10, 11, 31) . The results of a study of the pattern of C. vinosum LPS on polyacrylamide gels compared with LPS from some other gramnegative bacteria are shown in Fig. 4 bands; and a third, lower region containing a single densely staining band. At low concentrations, the fine bands in the central region are seen to extend up into the upper zone (Fig. 4B). (Alkaline, 56°C)-treated LPS gave the same banding pattern as the untreated LPS, except the fine bands were usually very faint (Fig.  4C) . (Alkaline, 100°C)-treated LPS did not produce the fine bands. The C. vinosum LPS gave the same banding pattern if it was dissolved in the SDS-2-mercaptoethanol solution without heating, after heating at 100°C for 15 min, or at 370C for 24 h. The LPS ofE. coli strain B ran at the ion front, indicating that it was either highly negatively charged or very small (Fig.  4D ). The LPS of both S. abortus-equi and P. mirabilis showed distinctive banding patterns with numerous bands (Fig. 4E and G) . The LPS of Thiocapsa migrated as a broad, slow-moving band (Fig. 4F) .
Outer membrane of C. vinosum purified by differential centrifugation produced, upon dissolution and electrophoresis, the same periodic acid-Schiff-staining pattern as the purified LPS.
The ordered periodicity of the fine bands ofC. vinosum LPS suggested that they are integral multiples of a basic monomeric unit. If this were the case, one would predict that if the high-molecular-weight forms of the LPS on the polyacrylamide were isolated and resolubilized, they would reproduce the original banding pattern. To test this possibility, twelve duplicate gels were divided into four regions (0 to 2, 2 to 4, 4 to 5.5, and 5.7 to 7 cm from the top), and the LPS in each of these regions was eluted and collected as described in Materials and Methods. When each of these fractions was solubilized and rerun on gels, the material from the upper two regions produced banding patterns similar to the original LPS (Fig. 5A and B) . Material from the third region (4 to 5.5 cm) Contained no high-molecular-weight LPS, but did contain the central banding material as well as the fastest-moving band (Fig. 5C ). Material eluted from the 5.5-to 7-cm region contained only the fastest-moving band (Fig. 5D ). These data suggest that, under the experimental conditions used, the LPS disaggregates from a high-molecular-weight state to a series of lowmolecular-weight states but that reverse aggregation does not occur. However, the aggregates are moderately stable, as shown by the fact that if a single gel is sectioned into 12 equal pieces (from 0 to 7 cm) and each section is placed without further treatment on top of another gel and rerun, the material, including the fine bands, in each section migrates to its original position on the parent gel, i.e., it does not disperse throughout the gel (data not shown).
The LPS of C. vinosum separates in the phenol phase during the isolation procedure (8) , and it has been suggested that such distribution occurs because the LPS is bound to protein (29) . To examine this possibility for C. vinosum LPS, crude LPS that had not been treated with proteolytic enzymes was run on acrylamide gels and stained with Coomassie blue. No proteinstaining material was detected, even at concentrations of LPS that overloaded the gel (500 gg). However, if the LPS gels (crude or enzyme-treated LPS) were first stained with periodic acid-Schiff stain and then counterstained with Coomassie blue, a faint blue zone became visible in the upper portion of the gel, but the blue stain was easily washed out if the destaining procedure was extended beyond 2 days. Whether this weakly staining material represents protein that has been unmasked by the periodic acid-Schiff stain treatment or an artifact of Coomassie blue binding with the modified LPS is not clear.
Recently, Jann et al. (10) reported that LPS could be dyed with Procion dye and that the dye-LPS complex migrated in SDS-PAGE to produce a banding pattern similar to that obtained with nondyed LPS. The migration of the dyed LPS could be visualized without staining. Attempts to duplicate this procedure with C. vinosum LPS were not successful, as the dye formed an insoluble precipitate with the LPS. The reason for this was not determined.
Electron microscopic characterization. Electron microscopic examination of negatively stained LPS preparations in water showed the presence of typical filamentous aggregates approximately 6.5 to 8.0 nm in width, with a few short rods and spherical forms (Fig. 6A). (Alkaline, 56°C)-treated and lyophilized, EDTA-treated, and SD-treated LPS were indistinguishable from untreated LPS. To investigate the morphology of LPS subunits, samples of LPS were dissolved in 0.1 M Tris-hydrochloride buffer, pH 8.0-0.5% SD or SDS or in pure Me2SO. These (Fig. 6B and C) . The Me2SO-treated LPS appeared as small ovoid spheres, approximately 6.5 nm in diameter (Fig. 6D) . When the distilled water-dialyzed samples were frozen at -20°C overnight and thawed, all of them formed heavy flocculent precipitates that microscopically resembled the original LPS (Fig. 6A) . A somewhat different picture was seen when the samples were dialyzed against 0.1 M Tris-hydrochloride buffer, pH 8.0. Under these conditions, the SD-and SDS- (Fig.   6B, C, and D) . However, frozen-thawed SD-or SDS-treated LPS that had been dialyzed against Tris-hydrochloride appeared similar and seemed to be partially aggregated, as indicated by the presence of rods of various lengths (Fig. 7) . Freezing and thawing did not change the microscopic appearance of the Me2SO-treated material.
Mitogenic activity. Since many LPS are known to exhibit mitogenic activity (2, 19, 28) , the efficacy of C. vinosum LPS in stimulating [3H] thymidine incorporation into mouse spleen lymphocytes was investigated. C. vinosum LPS was almost as effective a mitogen as E. coli LPS ( Table 2) . DISCUSSION
In a previous paper we reported the isolation and chemical characterization of C. vinosum LPS and showed that it was different from many of the previously studied LPS in that it fractionated in the phenol phase during the hot- phenol extraction procedure (9). However, it was clear from the analytical data that the basic structure of C. vinosum LPS is similar to that of other gram-negative bacteria, but its sugar and fatty acid composition is unique. Further, we showed that C. vinosum LPS is toxic to mice. The present paper shows that C. vinosum LPS is similar in its biological activities and physicochemical characteristics to enteric LPS. The anticomplementary activity of the C. vinosum LPS is within the range found for enteric LPS (4, 5) and suggests that it has a common molecular structure with enteric LPS. The fact that mild alkaline treatment destroys its anticomplementary activity, as it does for the enterics (5, 23), further supports this view. Since this activity has been shown to lie with the lipid A portion of enteric LPS (5), it is assumed that it is the lipid A fraction of C. vinosum LPS that is responsible for its anticomplementary activity. However, proof of this must await further investigation. The stimulation of anticomplementary activity induced by pretreatment of the LPS with Mg2+ is the opposite of that observed for Salmonella minnesota LPS (5), but this may be the result of changes in the configuration of the LPS at low Mg2+ concentrations, which better expose the anticomplementary groups of the LPS. However, at higher Mg2+ (or Ca2+) concentrations the anticomplementary activity is suppressed, as was observed for the R-form LPS of S. minnesota (5) .
As with other LPS preparations (4), C. vinosum LPS is an effective anticomplementary agent in a high-molecular-weight soluble state, but it loses activity when it loses solubility upon repeated freezing and thawing.
Several investigations on the effect of alkaline digestion of LPS in aqueous solution have shown that such treatment frequently detoxifies it and destroys its anticomplementary activity (5, 22, 23, 38) . In addition, it has been found that alkaline treatment of LPS usually reduces its molecular weight (23) . These studies have shown that the rate and extent of these effects are influenced by the concentration of the alkali, the temperature, and the solvent used. The LPS of C. vinosum appears to be typical, in that mild alkaline digestion completely detoxifies it and greatly diminishes its anticomplementary activity. The effect of different alkali treatments on the molecular weight of C. vinosum LPS is marked. At 56°C, the LPS is clearly disaggregated to lower-molecular-weight forms, which can be partially reaggregated by lyophilization. The aggregating effect of lyophilization on dispersed LPS has previously been noted (4) . However, if the LPS is alkaline digested at 100°C under the same conditions, it is converted to a molecularweight species of one-half the sedimentation value of the 56°C-treated LPS, and lyophilization has much less effect on its size. If it is assumed that the alkaline treatment acts primarily to hydrolyze the ester-linked fatty acids of the lipid A portion of the LPS (5, 23), then it follows that these molecules play a crucial role in the formation of highly aggregated LPS.
Treatment of the C. vinosum LPS with detergents or Me2SO results in a reversible dissociation into subunits similar to that observed for E. coli LPS (29) and for other gram-negative bacteria (37) . From the size of the subunits seen in the electron microscope, Me2SO appears to be the most effective dispersing agent; however, the sedimentation coefficient data suggest that all the dispersing agents used produce approximately the same size of subunit. Since it is not possible to examine LPS microscopically in the presence of SD or SDS, this could not be verified.
The size of the subunits (-6.5 by 12.0 nm) that are seen in the SD-and SDS-treated and dialyzed preparations suggests that they are dimers of the Me2SO subunits. It is not clear why there is more aggregation in SD-or SDStreated and dialyzed LPS than with Me2SO-treated LPS. It may be that since Me2SO is a smaller molecule than either SD or SDS, it dialyzes away too rapidly to allow reaggregation.
The reason for the range in apparent sedimentation coefficients of the LPS in the disaggregating agents is probably the result ofdifferent degrees of association between the LPS and the agents employed. Olins and Warner (26) reported that SDS binds tightly to the LPS of Azotobacter vinelandii. The extent of reaggregation upon dialysis of the disaggregated LPS is markedly dependent upon both the dialysis solution employed and the subsequent treatment of the material, i.e., freezing and thawing or lyophilization. The increase in apparent sedimentation coefficient of SD-treated LPS dialyzed against Tris-hydrochloride buffer is much less than that observed by Ribi et al. (29) for similarly treated E. coli LPS but is similar to the response of Rhodopseudomanas capsulata LPS (40) . Because of the heterogeneity of LPS in other characteristics, it is not surprising to observe a range in reaggregation response in different LPS treated in a similar fashion.
The microscopic appearance of untreated as well as SD-and SDS-treated and dialyzed C. vinosum LPS is similar to that reported for E.
coli LPS (29) . The effect offreezing and thawing and lyophilization on inducing aggregation of water-dialyzed LPS is probably the result of the LPS being forced out of solution and concentrated during ice formation. Olins and Warner (26) observed a similar response ofAzotobacter LPS, and Ribi et al. (29) reported that SDtreated Salmonella enteritidis LPS subunits are reaggregated during reextraction with phenol. Galanos and Luderitz (4) reported that lyophilization converted a 10S species of S. abortus-equi LPS to a 110S form. The reason that LPS can be induced to form these large aggregates is unknown, but it has been suggested by Milner et al. (17, 18) that they are stable continuous or fringe micelles. The stability of these aggregates in aqueous environments and the requirement for detergents or similar substances to disperse them, as well as the observation that (alkaline, 100°C)-treated samples do not reaggregate, are all consistent with the assumption that hydrophobic regions are involved.
The complex banding pattern of several LPS in SDS-PAGE has not been previously reported, but there have been numerous reports of heterogeneity within the LPS isolated from one organism (10, 24, 35) . The LPS of Serratia marcescens has been fractionated on the basis of size (27) and charge (25) , and the fractions have been shown to differ in a number of physical and biological effects (27) . Five fractions of Brucella melitensis LPS, differing in their sugar compositions, have been obtained by diethylaminoethyl chromatography (14) . LPS fractions with different sizes have been isolated from Enterobacter (13) and E. coli (20) . In one report (1), E. coli LPS was fractionated by sucrose density gradient into large and small particles, with a continuous distribution of size in between. The nature of this heterogeneity is unclear, but the fact that we have obtained the same banding pattern on SDS-PAGE of C. vinosum outer membranes purified by differential centrifugation in distilled water makes it clear that the multiple bands are not a product INFECT. IMMUN. on October 26, 2017 by guest http://iai.asm.org/ Downloaded from of the phenol extraction procedure. Rather, the ordered pattern of the fine bands appears to be due to a self-associating polymer series. Such series have been shown to be characteristic for a number of polymeric proteins that, under the appropriate experimental conditions, arrange themselves in a series of integral multiples of the basic monomeric unit (33, 39) . The patterns of the successive bands in such a series are related by the geometric constant g = l+lp,u/DI,u (,u = electrophoretic mobility), and from this it follows that a plot of the log of the mobility versus the band number produces a straight line (33, 39) . In the case of C. vinosum LPS, the geometric constant, calculated from the gel shown in Fig. 5E , was found to be 0.9601, with a standard deviation of +0.0096, and a plot of the log mobility versus band number produces a straight line (Fig. 8) . Therefore, the data are consistent with the conclusion that C. vinosum LPS, as well as LPS from other bacteria, is capable of forming a homologous series of oligomers in detergent gels. The structure of the various oligomers is unknown, but the fact that (alkaline, 100°C) digestion destroys the ability of the LPS to form this series suggests that fatty acids are crucial to the formation of these aggregation states. If further investigation of this phenomenon verifies that it follows the same rules as protein systems, it may be possible to use this procedure as a simple and rapid means of estimating LPS molecular weight (33) .
The preliminary data indicate that the LPS of C. vinosum is almost as active a mitogen as E. coli LPS. Other LPS have been shown to be B-cell mitogens (19, 28) , but further studies will have to be undertaken to determine if this is the case for C. vinosum LPS.
